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Abstract
Ionizing radiation is a mutagen with known negative impacts on individual fitness. 
However, much less is known about how these individual fitness effects translate 
into population‐level variation in natural environments that have experienced vary‐
ing levels of radiation exposure. In this study, we sampled genotypes of the freshwa‐
ter crustacean, Daphnia pulex, from the eight inhabited lakes across the Chernobyl 
Exclusion Zone (CEZ). Each lake has experienced very different levels of chronic ra‐
diation exposure since a nuclear power reactor exploded there over thirty years ago. 
The sampled Daphnia genotypes represent genetic snapshots of current populations 
and allowed us to examine fitness‐related traits under controlled laboratory condi‐
tions at UK background dose rates. We found that whilst there was variation in sur‐
vival and schedules of reproduction among populations, there was no compelling 
evidence that this was driven by variation in exposure to radiation. Previous studies 
have shown that controlled exposure to radiation at dose rates included in the range 
measured in the current study reduce survival, or fecundity, or both. One limitation 
of this study is the lack of available sites at high dose rates, and future work could test 
life history variation in various organisms at other high radiation areas. Our results 
are nevertheless consistent with the idea that other ecological factors, for example 
competition, predation or parasitism, are likely to play a much bigger role in driving 
variation among populations than exposure to the high radiation dose rates found in 
the CEZ. These findings clearly demonstrate that it is important to examine the po‐
tential negative effects of radiation across wild populations that are subject to many 
and varied selection pressures as a result of complex ecological interactions.
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1  | INTRODUCTION
Populations are constantly challenged with selection from compet‐
itors, predators, and parasites (Auld & Brand, 2017; Ball & Baker, 
1996; McLaughlin, Hellmann, Boggs, & Ehrlich, 2002). An increase in 
human activities means that natural populations are also at a higher 
risk of sudden, dramatic changes to their environment (from events 
such as oil spills, chemical releases, and climate change) (Bickham, 
Sandhu, Hebert, Chikhi, & Athwal, 2000; Husseneder, Donaldson, & 
Foil, 2016; McLaughlin et al., 2002; Riffaut, McCoy, Tirard, Friesen, 
& Boulinier, 2005), which can have detrimental impacts on individ‐
uals and thus populations (e.g., Bickham & Smolen, 1994; Santos et 
al., 2013).
Nuclear accidents such as those at Chernobyl and Fukushima 
are prime examples of human‐induced dramatic environmental 
change. These accidents have resulted in widespread radioac‐
tive contamination of the surrounding areas. The levels of ioniz‐
ing radiation across these areas show considerable variation both 
over space, due to heterogeneity in radionuclide deposition and 
over time, as a result of radionuclide decay (Saxen et al., 1987; 
Saito et al., 2015). Whilst negative effects of radiation on indi‐
viduals are known (Breimer, 1988; Morgan, 2003a, 2003b; von 
Sonntag,2007), it is difficult to extrapolate effects on individuals 
to the level of the population (Bréchignac,2017). These difficul‐
ties arise because of two key issues: first, organisms living within 
high radiation environments (> 420 μGy/h) (Hinton et al., 2007) 
could exhibit a lower overall mean fitness due to physiological 
stress (Kimura & Maruyama, 1966). Second, strong selection for 
radiation‐tolerant individuals could reduce differences in mean fit‐
ness between high‐ and low‐radiation populations (Esnault, Legue, 
& Chenal, 2010; Galván et al., 2014) and thus mask the negative 
effects of radiation on individuals. Indeed, strong selection for 
radiation‐tolerant phenotypes may explain how some natural pop‐
ulations can persist in high radiation environments (Baker et al., 
1996; Murphy, Nagorskaya, & Smith, 2011).
Ionizing radiation also generates mutations, which are the 
founding source of all genetic variation (Haldane, 1937; Kimura & 
Maruyama, 1966). Variation in fitness‐related traits in contemporary 
populations may therefore be exacerbated by exposure to radiation 
in the Chernobyl Exclusion Zone (CEZ). However, ionizing radiation 
can also exert selection on populations, and the evolution of radia‐
tion tolerance may drive depletion in population genetic variation. 
Both the mean and variance in fitness‐related traits can give us 
valuable insight into the balance between mutation (which causes 
increased variance and lower mean fitness: Kimura & Maruyama, 
1966) and selection (reduced variance with either no difference or 
increased mean fitness: Haldane, 1937; Crow,1970). It is, however, 
important to note that whilst mutation is the ultimate source of all 
genetic variation, radiation is just one of many possible agents of 
selection. Ecological factors such as parasitism, predation, and com‐
petition are known to have impacts on population fitness and may 
outweigh any effects of radiation in wild populations (Auld et al., 
2013; Brockelman, 1975; Creel & Christianson, 2008; Lehmann, 
1993). Moreover, these ecological factors can influence fitness in‐
directly for example, by selecting on the predators, parasites, or prey 
of the focal organism rather than on the focal organism itself (Ball 
& Baker, 1996; Reznick, Bryga, & Endler, 1990). Still, by quantify‐
ing trait variation among organisms collected across a gradient of 
chronic radiation dose, we can nevertheless test whether radiation 
exposure plays the dominant role in shaping fitness at the population 
level.
The CEZ provides a useful natural laboratory to test how vari‐
ation in ionizing radiation shapes life histories and fitness across 
wild populations. The Chernobyl accident caused an estimated 
release of approximately 1.85 × 1018 Bq of radioactive mate‐
rial (IAEA, 2006). Initially, the radiation doses were dominated 
by short‐lived and highly damaging radionuclides such as 133Xe, 
131I, and 140Ba (NEA, 2002) distributed heterogeneously across 
Chernobyl, with profound negative consequences for surrounding 
wildlife (UNSCEAR, 2008). After the rapid decay of these short‐
lived radionuclides, longer‐lived radionuclides such as 137Cs and 
90Sr remained, becoming more dominant (Kryshev, 1995; Nazarov 
& Gudkov, 2008). The spatial heterogeneity in chronic radiation 
across the CEZ (Figure 2, Supporting Information Table S1) pro‐
vides an opportunity to test for dose‐dependent effects of ioniz‐
ing radiation on natural populations.
There are, however, major challenges associated with testing 
the fitness impacts of radiation exposure using natural popula‐
tions. For example, individuals frequently move across a patchy 
landscape of radiation, making it difficult to estimate the overall 
absorbed dose they experience (Hinton et al., 2007). We overcame 
this problem by studying Daphnia pulex, a freshwater crustacean 
that inhabits discrete ponds and lakes with low interpopulation 
migration (Haag, Riek, Hottinger, Pajunen, & Ebert, 2006) where 
we could obtain reliable estimates of absorbed radiation dose. 
Daphnia pulex provides other advantages: it reproduces both sex‐
ually and asexually, where most reproduction is asexual, but sex 
is required to produce hardy resting eggs that can survive the 
winter (Zaffagnini, 1987). By collecting Daphnia from lakes and 
ponds across the Chernobyl area, we were able to obtain a ge‐
netic snapshot of populations that have experienced very differ‐
ent levels of chronic radiation (from <0.1 to over 180 µGy/h) and 
conduct a common garden experiment where fitness‐related traits 
could be quantified under UK natural background radiation levels. 
Specifically, we measured survival and asexual reproduction over 
the course of the Daphnia lifespan. We then used these data to 
calculate the instantaneous rate of population increase, r, for each 
genotype (a useful proxy for overall fitness).
In this study, we explore how Daphnia life history traits re‐
flect evolutionary responses to long‐term radiation exposures 
across the CEZ, with particular focus on the opposing processes 
of selection versus mutational input. We tested whether selection 
played a primary role in shaping populations by examining whether 
the variation associated with population fitness (instantaneous 
growth rate, r) declines with dose rate. We also examined whether 
radiation reduced mean population fitness by testing whether 
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Daphnia fitness declines with dose rate, as would be consistent 
with previous studies that have demonstrated laboratory expo‐
sure to radiation reduces invertebrate fitness (Nohara et al., 2014; 
Parisot, Bourdineaud, Plaire, Adam‐Guillermin, & Alonzo, 2015; 
Sarapultseva & Gorski, 2013).
2  | MATERIALS AND METHODS
2.1 | Study system
Daphnia are sensitive to environmental change and have thus 
proven an excellent model for ecotoxicology (Flaherty & Dodson, 
2005; Pace et al., 2004); indeed, Daphnia reproduction is used as 
an OECD test species for testing the toxicity of various chemicals 
and pollutants (OECD, 2012). Furthermore, immigration of Daphnia 
between populations is rare and is generally limited to the diapaus‐
ing stage of their reproductive lifecycle (Haag et al., 2006), so indi‐
vidual Daphnia phenotypes are likely to have been shaped primarily 
by the immediate environment. Finally, Daphnia are cyclical parthe‐
nogens, whereby they reproduce asexually throughout the spring/
summer and sexually to produce resting eggs which remain dormant 
over the Autumn/Winter (Alekseev & Lampert, 2001; Decaestecker, 
Meester, & Mergeay, 2009). This mixed reproductive mode means 
one can take advantage of their asexual reproductive stage to take 
genetic snapshots of wild populations and then examine clonal lines 
in replicated common garden experiments under controlled condi‐
tions (e.g., Auld et al., 2013).
2.2 | Field collections and radiation dosimetry
We collected 38 Daphnia genotypes from the eight inhabited lake 
populations and maintained them as isofemale lines (henceforth 
called lines, Figure 1, see Supporting Information Table S2 for in‐
formation on genotypes per lake). Each of the eight populations 
has experienced different levels of chronic radiation exposure (see 
Figure 2, Supporting Information Table S1). Daphnia samples were 
collected at one‐meter depths using a plankton net (net mesh: 
0.25 mm, bag depth: 300 mm, outer frame: 250 mm diameter). The 
animals were transported to the laboratory in Chernobyl within 
three hours of sampling. Isofemale lines were then established by 
placing the Daphnia individually in 50 ml falcon tubes with water 
collected from the corresponding lake; these lines were allowed 
to propagate clonally. Daphnia lines were transferred to noncon‐
taminated natural mineral water and fed Chlorella vulgaris algae 
for transport back to the laboratory at the University of Stirling 
(where the life history experiment took place). Once in Stirling, the 
Daphnia lines were maintained in a climate control facility under 
standard conditions without further exposure to radiation above 
UK natural background levels (20°C on a 12:12 hr light: dark cycle 
in 80 ml of artificial Daphnia media (ADaM, Klüttgen, Dülmer, 
Engels, & Ratte, 1994. Highest recorded UK natural background 
dose rate was 0.18 µGy/h in 2017 (RIMNET, 2017). We replaced 
the media and fed each genotype with 5 ml of Chlorella vulgaris 
three times weekly. Each line was maintained under standard con‐
ditions for three generations to minimize phenotypic variation due 
to maternal effects.
To assess radionuclide concentrations at each sample site, we 
extracted data, where available from the Ukraine atlas (Intelligence 
Systems GEO, 2008), for 137Cs and 90Sr (the dominant radionuclides 
in Chernobyl) and 241Am and 239Pu, which were considered repre‐
sentative of other radionuclides within the water column and upper 
sediment (IAEA, 2008). Where no data were available in the litera‐
ture, sediment and water samples were taken at each sample site 
and transported to the Ukrainian HydroMeteorological Institute 
(UHMI) for analysis.
Water samples were analyzed as follows. First, 5–25 L of water 
was collected at each sample site and passed through an on‐line 
filtration system using a combination filter (Petryanov's FFP‐15‐1.5 
prefilter + Blue Ribbon Grade paper filter) with a cartridge con‐
taining sorbent ANFEZH® to concentrate 137Cs and 90Sr. Following 
this, the cartridge was removed, and the filtered water was spiked 
with the radiochemical tracers 243Am and 242Pu and acidified to pH 
2 with Nitric Acid followed by radiochemical separation. In the lab‐
oratory at the UHMI, the filter and sorbent were dried at 105°C 
to a constant weight, thoroughly mixed and packed in container 
for gamma spectrometry analysis. Where radioactivity levels were 
high enough, a subsample of water was taken for direct gamma 
measurement.
Sediment samples were taken as sediment cores, using a Kayak 
type sediment corer (made at the UHMI) from the deepest lake loca‐
tion (verified by echo‐sound measurements). Sediment core quality 
was assessed based upon two parameters, that there was no dis‐
turbance between the upper sediment along the core tube and that 
contrasting properties at the base of the core were present, indicat‐
ing formation prior to the Chernobyl accident in 1986. In the UHMI 
laboratory, the sediment cores were sliced into sections (1–5 cm in 
size), freeze dried, homogenized, and submitted for gamma spec‐
trometry analysis. Representative subsamples from selected slices 
(0.5–1.0 g) were taken for radiochemical analysis.F I G U R E  1   Example Daphnia pulex sampled from the CEZ
     |  2643GOODMAN et Al.
Radiometric analysis for 137Cs and 241Am was conducted using a 
gamma spectrometer with HPGe detector GMX‐40‐LB (Ortec, USA). 
90Sr and transuranic elements (238,239,240Pu and 241Am) were precon‐
centrated using carbonate/hydroxides precipitation followed by 
serial extraction chromatography separation on Sr‐Resin and TRU‐
Resin (Eichrom, USA) with 90Sr measured on a Liquid Scintillation 
Counter (TriCarb 2900TR; Perkin‐Elmer, USA), according to estab‐
lished methods (Laptev, Pirnach, & Dyvak, 2015) or alpha‐spec‐
trometry on Alpha‐8 instrument (BSI, Latvia) after electrodeposition 
in the case of transuranic elements. Combined uncertainty of the 
137Cs, 90Sr, and transuranic element activity measurements did not 
exceed 10%, 20%, and 30%, respectively.
The dose rate from internal and external radionuclides was es‐
timated using ERICA (version 1.2), a software program designed to 
estimate radiation risk to wildlife based upon a range of representa‐
tive species (Beresford et al., 2007; Brown et al.., 2008, 2016; ICRP, 
2009). ERICA assessments were made by calculating dose rates based 
upon the activity concentrations provided and data on environmen‐
tal radionuclide transfer. Our calculations were based on the default 
reference organism, Zooplankton, within ERICA. Zooplankton was 
selected on the basis of the geometry and size of D. pulex collected. 
Occupancy (which refers to the location of the organism within the 
lake) was changed to 75% surface sediment and 25% water column 
reflecting the fact the Daphnia population lies dormant throughout 
the autumn/winter as resting eggs in the surface sediment, before 
hatching in spring (Alekseev & Lampert, 2001), and that they verti‐
cally migrate throughout the water column (from sediment to water 
surface) to obtain food throughout the rest of the year (Dawidowicz 
& Loose,1992; McLaren, 1963). These occupancy rates should have 
produced a conservative estimate of the dose rate as the majority 
of the radionuclides were expected to have accumulated within the 
lake sediment (Nazarov & Gudkov, 2008). Activity concentrations 
are given in the Supporting Information Table S3.
2.3 | Life history experiment
On day one of the experiment, Daphnia neonates were assigned to 
fresh jars and maintained under standard conditions. Offspring from 
the third clutch from the third generation of Daphnia were used as 
experimental replicates to minimize variation due to maternal ef‐
fects. Where maternal lines did not produce their third clutch from 
the third generation of Daphnia on day one of the experiment, the 
neonates were assigned to fresh jars thereafter, and the experimen‐
tal days were standardized for statistical analysis. We measured the 
fecundity and survival of females daily from each of the 30 Daphnia 
isofemale lines from eight lake populations that had experienced dif‐
ferent historical radiation doses. Fecundity was recorded as the day 
of each brood release and the number of offspring produced in each 
brood. Survival was measured by recording the day of death for each 
individual. There were eight replicates per line, where each replicate 
consisted of a single Daphnia in 50 ml of artificial Daphnia medium 
(ADaM; see Klüttgen et al., 1994). Replicate animals were fed 1.0 
ABS Chlorella vulgaris algal cells per day (where ABS is the optical 
absorbance 650 nm white light) and the media was replaced when 
offspring clutches were released.
2.4 | Statistical analysis
Analyses were performed using R statistical software (R Core Team, 
2017) version 3.4.3. First, we tested the effects of dose rate and lake 
population on Daphnia survival. Specifically, we fitted mixed effects 
Cox's proportional Hazards (CoxME) models to the survival data 
using the coxme package (Therneau, 2015, 2018), where dose rate 
was fitted as a covariate and lake population was fitted as a fixed 
effect. Line nested within lake population was included as a ran‐
dom effect to account for the fact that we measured multiple geno‐
types per lake. Significant effects of lake population were further 
investigated using a post hoc Tukey test to determine which popula‐
tions were different from each other using the multcomp package 
(Hothorn et al.,2008).
The effects of dose rate and lake population on the total 
number of offspring produced were tested using generalized lin‐
ear mixed models with Poisson error distribution (GLMM, imple‐
mented the lme4 package; Bates, Machler, Bolker, & Walker, 2015), 
where line within lake population was included as a random ef‐
fect. Significant differences identified between lake populations 
F I G U R E  2   Log10 estimated total 
absorbed dose rates based on dose 
assessments made for each lake site, with 
ranges where appropriate (see Supporting 
Information Table S1 for the locations 
of each population). The black dotted 
line represents the highest estimated 
UK background dose rate of 0.18 µGy/h 
for comparison (Oatway, Jones, Holmes, 
Watson, & Cabianca, 2010; RIMNET, 
2017)
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were tested using a Tukey's range post hoc test. Using the same 
approach and random effects structure, but with a binomial dis‐
tribution (as individuals were either identified as reproducing or 
not reproducing), we tested whether the number of non‐repro‐
ducing individuals varied according to dose rate or lake population. 
Next, we examined how dose rate and lake population affected 
age‐specific reproduction using generalized additive mixed mod‐
els (GAMMs within the gamm4 package; Wood & Scheipl, 2017). 
GAMMs are semiparametric models that are useful for predict‐
ing nonlinear effects, where the linear predictor is dependent on 
a “smooth” function, which determines the level of smoothness 
in the fitted curve. This smooth function can depend on one or 
multiple nonparametric smoothers fitted to factors or covariates. 
We compared a model where smoothers were fitted to both ex‐
perimental day and either dose rate or lake population to a model 
where a smoother was fitted to experimental day only. Random ef‐
fects included replicate nested within line nested within lake pop‐
ulation, to account for the fact that repeated fecundity measures 
were taken for each individual. In addition, we made pairwise com‐
parisons of smoothed and unsmoothed models for combinations 
of pooled lake populations. The best fit model was determined 
using Akaike's information criterion (AIC), where the model with 
the lowest AIC was considered the best model and models with 
an AIC difference of less than two were regarded as the same 
(Burnham & Anderson, 2002).
Finally, we assessed overall population fitness by calculating the 
instantaneous rate of population increase (r) for each genotype using 
the Euler–Lotka equation:
Where x represents the age of each organism in days, lx is the pro‐
portion of surviving females at each age classification, and mx is the 
number of offspring produced at each corresponding age (Birch, 
1948; Cuco, Castro, Gonçalves, Wolinska, & Abrantes, 2017; Grant 
& Grant, 1992). We tested for variation in r across lake populations 
and by dose rate using generalized least squares models (GLS models 
using the nlme package) (Pinheiro, Bates, DebRoy, & Sarkar, 2018), 
where the intercept was allowed to vary by lake population. We 
tested for normality of distribution of r data using the Shapiro–Wilk 
and then performed a Bartlett's test to determine if variances in r 
differed according to lake population. Where dose rates were not 
normally distributed, a Fligner‐Killeen test was performed to test if 
variance in r is associated with dose rate.
3  | RESULTS
3.1 | Radiation exposure does not affect Daphnia 
survival
We found no effect of dose rate on Daphnia survival (CoxME: coef‐
ficient = −0.001 ± 0.004, z = 0.15, p = 0.88). There were significant 
differences in survival across lake populations (CoxME: 휒2
7
 = 920.73, 
p < 0.0001, Figure 3. Median day of death in Vediltsy: 50, Yampol: 
48, Glinka: 47, Buryakovka: 45, Semikhody: 59, Krasnyansky: 54, 
Azbuchin: 50, Gluboke: 45).
3.2 | Radiation exposure does not affect 
reproduction
There was a significant effect of dose rate (GLMM: 휒2
1
 = 64.89, 
p < 0.0001) and lake population (GLMM: 휒2
7
 = 995.99, p < 0.0001) 
on the total number of offspring produced, though the vari‐
ation in total offspring was better explained by population 
(∆AIC = 981.99). Tukey's post hoc test revealed that in all cases, 
this variation was driven entirely by lake Yampol (categorized 
as very low, p < 0.05 for comparisons between Yampol and all 
other lake populations) (see Figure 4). The proportion of non‐
reproducing Daphnia varied between 0.125 and 0.658 across 
lines. Analysis found a marginally non‐significant effect of dose 
rate on the likelihood of individual failure to reproduce (GLMM: 
휒
2
1
 = −3.6, p = 0.06); this suggests that if radiation‐induced steril‐
ity does occur, it is unlikely to have a strong effect on population‐
level fecundity. By contrast, there were significant differences 
in the proportion of non‐reproducing individuals among lakes 
(GLMM: 휒2
8
 = −31.67, p < 0.001). Post hoc testing revealed that 
this was driven by a high incidence of non‐reproducers in Yampol 
lake (p < 0.05, see Table S2).
Comparisons between models revealed that lake population ex‐
plained more variation in age‐specific reproduction than dose rate (see 
Table 1). Further, smoothing the day of reproduction by lake population 
significantly improved the model fit compared to fitting lake popula‐
tion as a parametric fixed effect (GAMM: ∆AIC = 482.18, 휒2
14
 = 510.17, 
1=
n∑
x=0
e
−rx
lxmx,
F I G U R E  3   Variation in Daphnia survival according to lake 
population (shaded regions denote ±95% confidence intervals [CIs])
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p < 0.0001). The best fitting model included day by lake population as a 
nonparametric smoother and showed that all lakes varied from one an‐
other (Table 2) and that the timing of reproductive peaks varies across 
populations (Figure 5).
3.3 | Radiation exposure does not affect 
overall fitness
We found no effect of dose rate (GLS: F1,29 = 0.001, p = 0.98, 
Figure 6a) or lake population (GLS: F7,23 = 2.08, p = 0.09; Figure 6b) 
on r. Variation in r did not vary according to dose rate (휒2
7
 = 2.58, 
p = 0.92, Figure 6a) or lake population (Bartlett's K2
7
 = 4.97, p = 0.66, 
Figure 6b).
4  | DISCUSSION
In this study, we presented the results of an experiment designed 
to examine variation in Daphnia survival and fecundity across 
populations in Chernobyl that have experienced very different lev‐
els of exposure to chronic radiation. We found no overall effect 
of dose rate on Daphnia survival. Laboratory‐based studies have 
previously demonstrated that ionizing radiation negatively affects 
invertebrate (including Daphnia) survival at higher levels than those 
tested within the present study (Nohara et al., 2014; Parisot et al., 
2015; Sarapultseva & Gorski, 2013). Parisot et al., (2015) found 
elevated mortality in Daphnia under radiation exposure, but only 
when animals were exposed for multiple generations under very 
high dose rates (4.7 × 103 µGy/h and 3.54 × 104 µGy/h); these are 
much higher doses than those found in the CEZ, (we estimated 
~180 µGy/h in Gluboke lake, which experienced the highest dose 
rate). However, this is not to say that exposure to radiation cannot 
Response Parametric/smoother Term AIC
Offspring production Parametric Dose rate 15,635.83
Smoother Dose rate 17,437.41
Parametric Lake population 15,635.83
Smoother Lake population 15,153.65
Note. In all models, replicate nested within line nested within lake is fitted as a random effect. 
n = 1,899.
TA B L E  1   Summary for Generalized 
Additive Mixed Models (GAMMs) 
assessing age‐specific reproduction
TA B L E  2   Generalized Additive Mixed Model (GAMM) fitting age‐specific reproduction data by lake population
Response Parametric/smoother Term df (eDF) χ2 p
Offspring production Smoother Day by Buryakovka 6.27 543.1 <0.0001
Smoother Day by Yampol 6.11 463.4 <0.0001
Smoother Day by Vediltsy 5.63 209.0 <0.0001
Smoother Day by Glinka 6.78 607.3 <0.0001
Smoother Day by Semikhody 7.28 221.6 <0.0001
Smoother Day by Krasnyansky 7.08 382.4 <0.0001
Smoother Day by Azbuchin 6.88 693.5 <0.0001
Smoother Day by Gluboke 5.46 127.6 <0.0001
Note. Day by lake population is fitted as a nonparametric smoother and replicate nested within line nested within lake is fitted as a random effect. eDF 
is the estimated degrees of freedom. N = 1,899.
F I G U R E  4   Boxplot showing the total number of offspring 
produced by each lake population. Populations are plotted in 
order of increasing dose rate. The box shows the upper and lower 
quartiles within the data and the line within each box shows the 
median value. The lines outside of each box show the range of the 
data
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affect natural populations; for example, CEZ populations have been 
exposed over a considerably longer period and to a variety of ad‐
ditional stressors that may have confounding impacts (Holmstrup 
et al., 2010).
After a careful and detailed examination of Daphnia reproduc‐
tion—from total offspring output to subtle changes in reproductive 
investment through age‐specific reproduction and proportion of 
non‐reproducing individuals— we found no evidence for radiation‐
mediated effects. Variability in total offspring output was driven by 
lake Yampol (categorized as a very low dose rate) only and each lake 
population had a unique pattern of offspring production with vari‐
able timing of peak reproduction, independent of dose rate. There is 
limited research on radiation‐mediated life history shifts in wild pop‐
ulations, and these studies found that irradiated groups invested in 
greater reproductive output but had similar overall population sizes 
due to differences in survival or reproductive schedules (Blaylock, 
1969; Cooley, 1973). The fact we find no effect of dose rate on 
Daphnia survival may explain why we observe no correlated effect 
on reproduction.
Whilst reproduction and survival provide valuable measures of 
fitness, the timing of reproductive investment with respect to lifes‐
pan is also important. The instantaneous rate of population increase 
(r) is a particularly useful measure, because it accounts for the fact 
that offspring produced in early life make a greater contribution to 
the mother's fitness than those produced later (Birch, 1948). We cal‐
culated r for each isofemale line and determined if mean or variance 
in r varied according to radiation dose rate. Specifically, we tested 
whether: (a) r declines and variation in r increases with dose rate, 
consistent with radiation‐mediated supply of mutations reducing 
overall fitness whilst increasing variation; or (b) that there would be 
no overall difference in mean r across populations, but variation in 
r would decline with increasing dose rate, consistent with stronger 
selection at higher radiation levels. Radiation dose rate was not as‐
sociated with either the mean or variance in r, showing that historic 
radiation exposure is not the primary driver of variation in Daphnia 
fitness in these Chernobyl populations.
It is important to acknowledge that lack of association be‐
tween dose rate and life history variation at the population level 
does not mean that radiation is not having any effect. Radiation‐
mediated effects on reproduction within individual Daphnia have 
been demonstrated in the laboratory at dose rates as low as 
7 µGy/h (Parisot et al., 2015). However, in natural populations, a 
variety of ecological factors such as competition, predation or par‐
asitism apply strong and often variable selection on populations 
(Auld et al., 2013; Brockelman, 1975; Creel & Christianson, 2008; 
Lehmann, 1993). These ecological factors are therefore likely to 
be bigger drivers of life history variation than current dose rates. 
This brings into sharp focus the fact that few studies consider how 
the effects of radiation on individuals might scale to effects at 
the population or ecosystem level. A notable exception is a con‐
ceptual model by Polikarpov that predicts the negative effects of 
radiation on individuals will be overshadowed by much stronger 
interactions between the population and the wider ecosystem at 
higher radiation doses (termed "ecological masking"; Polikarpov, 
1998). Notably, the estimated dose rates in this study (~0.10 – 
180 µGy/h) fall within those predicted to cause the “Ecological 
masking zone” in Polikarpov's model.
We tested whether key life history traits varied across Daphnia 
populations that experienced a wide range of chronic radiation 
exposure in the Chernobyl Exclusion Zone. We found no such 
effects. It is clear that although radiation is known to negatively 
affect individuals, we need to view it as one of many sources of 
selection in ecologically complex communities. Future research 
needs to widen the focus to other highly contaminated areas such 
F I G U R E  5   Age‐specific reproduction 
according to Lake Population. The 
lines represent predictions based on 
a Generalized Additive Mixed Model 
(GAMM) fitting the number of offspring 
produced on each mean‐centered day, 
smoothed by lake population. Replicate 
nested within line nested within lake was 
fitted as a random effect. The shaded 
areas show 95% confidence intervals (CIs). 
The model was fitted using the visreg 
package (Breheny & Burchett, 2017)
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as Fukushima (Saito et al., 2015) and dissect the possible interac‐
tions between radiation and other stressors on individual fitness. 
The challenge now is to quantify the impacts of radiation relative 
to competition, predation, parasitism etc. in order to have a more 
complete understanding of the effects on radiation on the wider 
ecosystem.
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